
NASA-CR-198933

Optimization of a Thermoelectric IR-Detector

for Low Working Temperature

R. Fettig, H.-J.Lerchenmiiller, E. Miiller

Universit£t Karlsruhe, Institut fiir Angewandte Physik, Germany

Abstract

Thermoelectric lR-detectors have been developed for working at a tem-
perature of 170 K in the CIRS experiment of the designated interplane-
tary CASSINI mission. Thermoelectric legs of p- and n-type are soldered
isolated one from another to a metalHzed cerandc substrate. Pyram/-
dal legs are formed by electric discharge machining (EDM). A thin gold
foil is welded to the cones and blackened for high absorption of radia-
tion. Characterization measurements are carried out to correlate detector

properties with the influence of preparation process and material used.

Thermoelectric behaviour is described by measuring the current-voltage-
characteristics from liquid nitrogen up to room temperature. Material
of various composition within the pseudobinary systems Bi=TerSb2Tes

(for p-type) and Bi2TerBi2Ses (for n-type) has been used for detector

preparation. By choosing material of proper doping the maximum of the

figure of merit could be skiRed towards lower temperatures.

1 Introduction

Thermoelectric detectors along with Golay-cells, bolometers and pyro-
electric detectors belong to the most sensitive thermal IK sensors. Their

construction principle is simple, they don't require any external voltage
supply and exhibit a constant reepousivity over a wide spectral range,

an appropriate absorber provided.
Detectors of the Hilgert-Schwar=-type [iJ have been built using highly ef-
fective thermoelectric material on the basis of (Bil_tSbz)2(Te__vS%)s.
[2, 3]. Detectors have been built which showed below 200 K a specific
detectivity up to 5.10 _ cmv"-ff'_/W at a response time of about 40 ms
[4].

Because of the high performance figures and the simple construction and
operation,thesethermoelectricdetectorshaveb_n designatedforappli-

cationwithinthe Composite InfraredSpectrometerExperiment (CIRS)

of the interplanetaryCASSINI missionof NASA and ESA. CASSINI,
scheduledto be launchedin 1997asa successivemissionofVoyagerIf,is

expected to provideenhanced informationofIB.emissionof Saturnand
itsmoon Titan towardsthe farinfrared.

The mission objectives, specify the detector requirements as follows:

• A specific detectivity: D* > 4. 109cmV_z/W

• Modulation frequencies up to 26 Hz, response time r < 40 ms

• Working temperature: 170 K

• Maximal absorption in the spectral range from mid to far infrared

(15.._ooo_m)

• Operated as a current source with a successive transformer

• A detectorresistanceR,r __5 .Oat 170K

• Low geometric tolerances, long life time, cleanliness, stability against

accelerationand vibrationas wellas againsttemperaturevariation

That requires on the one hand an optimization of the detector properties
with respect to material and technology, on the other hand concentration
on reliability and reproducibility of the results.

2 Fundamental

Fig.1 demonstratesthe functionprincipleof thedetector:An absorbing
structureisheated by radiation,itstemperatureismeasured by a ther-

moelement.The construction geometry in the presented way is referred
to as Hilger-Schwars-type: A thin freestanding metal foil serves as the
substrate for the absorbing structure. It provides a thermal connection
between the absorbing areas and the thermoelectric legs and as electric
bridge of the thermoelernont. The metal foil is linked to the two legs of
thermoelectric p- and n-type materiak via contact areas of a few/an in
diameter.The legsare electricallyisolatedone from another and ther-
mally connectedto a heat sinkof ambient temperature.For achieving

maximal DC-responsivityheatIcems from the absorberby s surroun-

dinggas has tobe avoided,thereforethe system isworking invacuum.

The distribution of electric and thermal currents through the detector
are represented by the electric and thermal circuit diagrams (Fig. 2).
Electrically the detector can be considered as _ source of voltage with
an internal resistance, which consists in the ideal case of the sum of the

DI'_ haveleg resistances R_d_. For the real detector contact resistances _.,t
to he added.

Thermally the sensor represents a thermal relaxator: The absorbing
structure possesses a heat capacity C_, and is thermally coupled to
surroundings by heat conduction through the legs (/_'c n) and thermal
radiation (R_r). Upon irradiation, the temperature of the absorber ri-
ses. If in addition an electric current flows through the thermoelement,
the temperature of the cone tips is altered due to the combined effect
of Peltier effect, Thomson effect and Joule heating. The latter ones can
be described to be conducted half by half towards the absorber and into

surroundings [5]. Additional Joule heat Pcl]_ is released on the electric
contactresistances.

The ring-shapednarrow passage through the foilaround the contact

pointsrepresentsa thermal contactresistance.Thermal by-pintoesR_,
due to electricallypoor conductingparallelcontactsbetween foiland

materialhavetobe suggested.The relaxationbehaviourisdefinedby the

heat capacity of the absorbing structure as well as by the heat resistance
due to conduction via the thermoelement and radiation.

The detection limit of the sensor is determined by the magnitude of noise

voltage (see Table 1) [6]. Johnson noise is the dominating mechanism,
however at high values of the figure of merit the influence of temperature

fluctuations becomes relevant. During low frequency AC-operation with
DC-offset to the signal 1/f-noise is appreciable. This can be suppressed
by a special compensation circuit formed out of two identical detectors.
Current noise is insignificantly small and can be ignored.

For manufacturing cubes of thermoelectric material (edge length about

500 pro) are soldered to a ceramic carrier of AltOs coated with a struc-
tured nickel layer (Fig. 3). The cubes ere then shaped into cones or
pyramides(_ 150 ,am edge length, top area _ 10 x I0 pm 2) by EDM.
[3]. A 100 nm thick gold foil with an area of about 1 mm 2 (mass about
2 pg) is welded onto the tips. A layer of gold black of about 10 pm in

thickness is evaporated in inert atmosphere of several mbaz onto the foil
as absorber layer [7, 8].

The following detector parameters have been measured with an automa-

ted apparatus [4] between room temperature and liquid nitrogen tempe-
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rature, for blackenend as welt as for unblackened detectors and are listed
in table 1:

• Responsivity (r)at room temperature: The detector isirradiatedby

an calibrated halogen lamp through a quartz window and the detec-

tor voltage ismeasured. Because of the strong spectral dependence

of absorption by gold in the visible,responsivity values for unblacke-

ned sensors can only be compared for equal irradiationconditions.

• Responsivity below room temperature: Irradiationisperformed by a

calibrated LED, which iscooled down together with the detector,so

that an offsetto the signal due to background radiation is avoided.

• Response time (r) : Assuming that the detectors relaxation beha-

viour can be described by a thermal low-pass, the time constant of

the exponential curve of response to a step function isdetermined.

• Electricalresistance (R,I): At a frequency of 8 kHz a four-point

measurement iscarried out.

• Characterization of the detector as a thermoelement is achieved

by determination ofthe current-voltage-characteristics.The fraction

U/I contains the electricresistance R,r and an additional current

dependent portion. Itimrelated to the thermo-c.m.f, due to the tem-

perature differencebetween absorber and surroundings caused by

Peltier-effect,Thomson-effect and Joule heat. This shallhere be re-

ferred to as Peltier-resistanceP_. From the relation of itsvalue for

I -, 0 (P_0) to the electricalresistance P_o/R,_= z,HT the figure

of merit z,/! of the thermoelement isobtained.

For computation of specificdetectivitytheoretical noise values of tempe-

rature fluctuationsand Johnson noise have been taken into consideration.

From the ratio of measured responsivitie,of a detector before and after

blackening the specificemissivity of the unblackened sensor can be com-

puted. The comparison of response times at low temperatures allows for

the estimation of the mass of the deposited gold black.

3 Detector Optimization - Technology and
Material

There are number of pc6sibilities for affecting the detector properties by

technological factors: The smallest possible thickness of gold foil is given

by mechanical stability requirements, that for the absorber layer by the

necessary absorption in the far infrared. From this results a lower limit to

the heat capacity of the absorbing structure. Hence, the response time

can only be lowered by reducing the heat conduction resistance. This

can be done by varying the size of the contact area and the opening an-

gle of the pyramidal tips.A lowering of the heat conduction resistance

leads to faster detectors, with the influence of a constant contact resi-

stance increasing.The geometrical resistanceof the foil,which decreases

logarithmically with risingcontact diameter, gains of relevance. Contact

resistancesare inverselyproportional to area and are therefore indepen-

dent of the contact dimensions.

Theoretically the welding energy for fixing the foil is high enough to melt

a sample region, in which the main fraction of temperature difference bet-

ween absorber system and surroundings is concentrated and where the

main part of the signal is generated. An increase of the specific detecti-

vity at low temperatures could be expected if application of a soldering

method for foil fixing was managed.

For improving the contact's mechanical stability the gold foil can be co-

vered with small spots of BiSn-solder near the contact region. Otherwise

a depletion of the welding connection may occur due to corroeive proces-

ses which may lead to the destruction of the contact.

The influence of the EDM process on the Seebeck-coefficientat the ma-

terialsurface was also investigated. For this purpose, two neighbouring

areas on a surface have been processed using two differentvalues of cur-

rent. With a locallyresolved measurement of the Seebeck-coefficient[9]

a line-scanwa_ drawn over both areas (see Fig. 5). At the same time an

altitude profileof the scan was recorded, which makes visiblethe border

lineof the areas slightlyinclined one to another. For the p-type as well

as for the n-type material a significant lowering of the absolute value

of the Seebeck-eoefficient was found at a higher rate of EDM current,

while it remained nearly unaltered after processing with the lowest pos-

sible current stress. A striking effect is the stronger degradation near the

edge at the border line between both areas. From a thermo-probe mea-

surement in unsteady state an integral information over sample regions

reaching different depths is obtained [10]. With increasing depth only a

slight shift towards the bulk value was observed. This implies, that the

surface layer with reduced Seebeck-coefficient is of thickness compara-

ble to the penetration depth in the steady state, which is of the order

of 10 pm. SEM-images of EDM-processed surfaces of our thermoelectric

material shows structures of finegrained solidified material with sizes of

several pm.

The fact that near the edges thermoelectric material is modified more

strongly than on plane areas can be explained as a result of the con-

centration of electric field near the material edges during EDM as well

as due to the geometrically constrained heat transport away from these

regions. This is of interest, became the contact area between the leg and

the foil is situated in the immediate neighbourhood of the convex EDM

edges.

A change of the carrierdensity in the degraded surface layer,possibly

induced by a decrease of tellurium contents, should shift the Seebeck-

coefficientfor material of differentconduction types into opposite direc-

tions.This isthought to arisedue to the influence of the fine-crystalline

structure in the degra_ied surface layeron carrierscattering.Model com-

putations on the effectof grain boundary scattering on thermoelectric

properties [11]showed, that the Seebeck-coefficientreacts sensitivelyto

a high contents of grain boundaries. Under certain conditions of grain

size and scattering potential itmay be significantlylowered.

Assuming, that p- and n-leg possess equal thermoelectric properties per

absolute value and by restrictingto Johnson noise and temperature fluc-

tuations the specificdetectivityof the real thermoelectric detector can

be derived from the specificdetectivity of the ideal thermal detector

Did = e/_ [6] by introducing factors describing the effect of

thermal and electric contact resistances R_k, R,t in a way that only the

specific emissivity • and the figure of merit of the thermoelectric material
zT are introduced:
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where

y,

_./-VD.* (1)
= V l+t,_l, zT v ,J_, td3

= (1 + e_+_,_-i p_, -- 4,asAT-'y

R1,2

I,. = (i+ , Io = (I+ )-i

p,r_ 1,2

R_ = R_,c/2 P_k = R,,,J2

Considering the correction factors /w und fr yields, that D" decreases

for very small as well as for very large heat conduction resistances R_,.

A maximum value of D* is found for a ratio of heat conduction resi-

stance and radiation resistance R_,/P_, = _. For vanishing

thermal contact resistance,maximal absorption and the best thermo-

electricmaterial available(zT m I) the maximal specific detectivity of

the thermoelectric detector amounts D" _ y/_D_d. It reduces with

growing thermal contact resistances.Hence, if there are no additional

requirements with respect to response time, the higher detectivity can

be attained ifthe thermoelectric material with a figure of merit zT is

optimized for the desired working temperature, the heat conduction resi-

stance has been tuned to the optimal vMue with respect to the radiation

resistanceat the working temperature and a maximal absorption isrea-

ched.

In the present application a lower response time than that obtained by

such a maximization is needed, and therefore requires a smaller heat con-

duction resistance. If two different materials of equal figure of merit are

available (e.g. Bit_=Sbt and Bi2(Tel__S%)3 as n-type material near 150



K), the one with the smaller thermal conductivity should be chosen. In

this way the contact area for a given heat resistance is larger and the

area-dependent contact resistances are reduced. On the other hand, a

large ratioof thermal to electricalconductivity of the material tc/a isof

advantage, because at a given heat resistance of the legs their electric

resistancewillbc higher and hence the influence of electriccontact resi-

stances willbe reduced.

Maximization temperature of the material'sfigureof merit has to be shif-

ted from the working temperature of the detectors towards fallingratio

_/a, i.e.to lower temperatures for both substances mentioned above .

Because the maximum of the funtion zT(T) of (Bi1__Sbffi)2(Tel-vS%)s-

compounds isrelativelyfiat,D* isonly slightlylowered at working tem-

perature however a reduction in the response time and an increase ofs/a

is achieved. The effectis higher, the more the temperature coefficients

of electricand thermal conductivity of the material differ,i.e.the hip

her the contribution from lattice_G to the entire heat conductivity and

the stronger the effectsof bipolar thermal conductivity in a temperature

range slightlyabove the maximum of zT.

The negative influence of electricaland thermal contact resistanceswill

be amplified by the deviation from resistancevalue for maximal detecti-

vity due to reduction of response time. The factors f_ and f¢ (see (I)),

which are limiting D ° are increasingly determined by the contact re-

sistances.Contact resistances with low or negative temperature coeff-

dents are especiallyharmful for low-temperature applications, because

theirinfluence increases with fallingtemperature. In this way it can be

explained, why towards the lower temperatures the theoreticallyexpec-

ted strong increase of specificdetectivityhas not been measured yet.The

formation of oxide contact resistanceswith such temperature coeffcients

may be caused during the welding of the foils.

Therefore the replacement of Bi_(Te1__Sev)a by Bi___Sb= with itshigher

thermal conductivity willonly be usefulifBi1_=Sb= shows a significantly

higher figure of merit.

The figure of merit z of a thermoelectric material depends on the

composition and the position of the reduced Fermi level [12]. Cru-

cial for the choice is the maximization parameter Po mda/_/_a (n_

- density of states mass, so - latticethermal conductivity, Po - car-

rier mobility for non-degenerated case). The lowest values of _G wi-

thin the pseudobinary system bismuth telluride-antimony telluridewas

found near (Bis.sSb0.s)2Te3 [13].P-type material of the constitution

(Bi0.2_Sb0.75)2Te, which ispreferred for room temperature applications

(referred to as standard material) has a significantlyhigher value Po

rnda/2 compared to (Bi0.sSbo.s)2Te, at 300 K [12].However, at lower

temperatures (Bi0.sSb0.s)_Te3 is more favourably disposed. [14].Below

150..200 K (Bio.sSb0.s)2Tea exhibits the better properties. Ifthe carrier

density is lowered in comparison to room temperature optimized ma-

terial,the thermoelectric properties worsen at room temperature, but

at lower temperatures zT rises.The temperature dependence shiftsits

maximum towards lower temperatures. The necessary carrierdensity re-

duction can be obtained merely by an increased contents of Tc in growth

for a composition near (Bio.sSb0.s)2Te3,because the range of existence of

the homogenious 6-phase contains the stochiometric composition. Hence,

doping can be avoided, which can reduce the carriermobility.

bulk-properties [15],in a firstapproach a correlation between

With respect to itspreparative advances Czochralsld-grown material has

been used, which can be produced with high homogeinty [16].It sho-

wes large single crystallineranges, from which blocks for the forming

of legs can be obtained simply by cleaving. Suitable material of low

carrier density with the compositions Bi2(Te0.ssSe0.es)s in-type) and

(Bi0.4Sb0.s)_Te3 (p-type) was available.A square scan with the thermo-

probe on thin slicesof the thermoelectric mate_rialparallelto the crystal-

lographic c-axiswas performed at room temperature [10].The sliceshave

been sawed into stripsperpendicular to the cleavage planes. The strips

have been cleaved into single blocks. In this way the Seebeck-coeffcient

of each of the legs isknown at room temperature.

In comparison with detectors from standard material those made from

low temperature optimized material (LTM) showed modified tempera-

ture dependences at lower temperatures with increased values of r, D*

and z,I/ (Fig. 4). For both materials several detectors have bccn manu-

factured. Typical detectors of each group have been chosen. Within the

groups the properties varied due to manufacturing effects.In order to

been chosen for comparison.

4 Model computations

Model equations of the temperature dependences of responsivity,specific

detectivity,response time, electricresistance, figure of merit and first

derivativeofPeltierresistancehave been formulated with the assumption

of equal absolute values of the material properties of I>-and n-type and

contact resistances[15].For a set of detectors made from a differentbatch

of standard material and gold foilswith solder spots theoretical curves

could be fittedwell by choosing appropriate values the following set of

parameters:

• Thermopower of the thermoelement at room temperature and its

temperature coefficient

• Temperature coefficientof electricconductivity of the leg material

• Ratio of thermal and electricalconductivity of the leg material as

well as for the contact resistances at room temperature and tempe-

rature coefficientof both

• Ratio of contact resistanceby leg resistance at room temperature.

The most important resultsobtained are:The model thermopower of the

thermoelement reaches merely 60 % of the bulk value, independently of

whether there have been used solder spots near the contacts or not. All

temperature dependences of the model were found at a lower value than

expected. The electricalcontact resistanceisat room temperature about

25 % of the leg resistance.

5 Conclusions

For optimization of fastthermoelectric ll%-detectorsfor low temperatures

with active material of (Bil_cSb_)2(Tei-ySev)s the requirement for ma-

ximal specific detectivity competes with the constraint of low response

time. Therefore, a maximization of the figure of merit has to be achieved

below working temperature.

The utilisationof material of reduced carrier density yielded modified

temperature dependences of responsivity, specificdetectivityand figure

of merit of the detectors, which form maxima below room temperature.

A strong variation of detector characteristicscaused by the manufac-

turing process was observed. Application of the material combination

(Bi0.sSbs.s)2Tes-Bii-ffiSb=seems promising.

A model fitfor the interpretation of the measured temperature charac-

teristicsshowed a notably reduced Seebeck-cocffcient, which could be

explained by the destruction of the monocrystalline structure of the ther-

moelectric material near the surface due to EDM or the welding process

for foilfixing.It can be assumed, that a variety of grain boundaries are

formed near the surface, which may reduce the Seebeck-coeffcient. The

injury of maximization condition as well as contact resistances limits

the specificdetectivity especiallyat low temperatures. An improvement

of the detector performance can be expected by the application of soft

shaping and fixing methods. Crucial for the detector'sreliabilityis the

stabiLityof the connection between the legs and the foil.
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Line scan of the thermo-probe on a surface of thermoelectric materied

processed with electric discharge machining at different current magni-
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Table I

Parameters for the description of a thermoelectric IK-detector with the

signa/ vo1_e4ge U=, Boltzmann constant kB, thermopower of the elemen_

a,b, v the measuring frequency and Av the measuring bandwidth, the

absolute temperature T and the Area of the absorber A. /_, R_ and

P_ are the different heat resistances relevant for the determination r, Re

and r according to the thermal circuit diagram of figure 2.

Figure 4

Temperature characteristics of figure of merit, responsivity and speci-

fic detectivity of unblackened detectors in compaxison between standard

material and low temperature optimized material (LTM)
Standard material

p-type: (Bi0._sSb0.v_)_Tes

n-type: (Bi0.gsSb0.05)_ (Teo.s5 Seo.o5)3
LTM

p-type: (Bio.4Sbo.s)2Tea

n-type: Bi2(Teo.95Seo.os)3




